Introduction
With the unique nonlinear characteristics and high energy handling capability, ZnO-based varistors are widely used both in electric power distribution networks as well as electronic circuits to absorb or to suppress transient voltage surges and to do so repeatedly without being destroyed. 1) Many researchers worked at the mechanism or theory of ZnO-based varistors from 1970's to 1990's. The transient voltage suppressing capability of commercial MOV products had been improved rapidly in those years. In recent years, although research papers on manufacturing process 2)-3) and on fundamental theories 4)-5) of ZnO-based varistor material were still published frequently, no significant progress was made recently on the electrical properties. So, research work on different varistor materials is worthwhile.
SnO2-based varistor was reported quite long ago. But it still can't be technically used. SnO2-Bi2O3-Co3O4-BaO-Nb2O5 varistor with nonlinearity coefficient of 20 was prepared in 1989, 6) and SnO2-CoO-Nb2O5-Cr2O3 varistor with nonlinearity coefficient of 41 was reported in 1995. 7) Many research articles on SnO2-based varistor materials are published in the past ten years. Much attention has been focused on the Schottky-type potential barriers.
8)-10)
In literature, SnO2-based varistor materials with nonlinear coefficient comparable to the commercial ZnO varistor materials have been reported. Different oxides were introduced to SnO2-based materials to improve the densification and nonlinearity. CoO is an effective dopant to achieve highly densified SnO2 ceramics.
7) It was reported that doping Cr2O3 could increase the nonlinear coefficient α of the SnO2-CoO-Nb2O5 system to be 41, 7),11) or even to be 75. 12) La2O3, Pr2O3, CeO2, Yb2O3, and Bi2O3 were also reported to be good additives for nonlinearity.
13)-17)
However, most of these nonlinear facilitating additives will result in increasing of the threshold electric field and decreasing of the ceramic density.
13)-15)
The crystalline phases of SnO2-based varistor ceramics doped with different additives have been investigated by means of XRD analysis in some published papers. 7),11),14), 15) No other phase was found except for cassiterite with rutile crystalline structure.
The nonlinear coefficient α is generally tested in low DC current region, such as 0.1 to 1.0 mA or 1.0 to 10.0 mA. High α value does not imply good performance in high current region. For a varistor to be used to protect electric or electronic circuits against transient voltage surges induced by lightning or switching, high α value is basically required, but more importantly, it should be capable of withstanding surge current. Therefore, to investigate the high current performance is an essential work for developing applicable SnO2-based varistor materials. Recently, Ramirez et al. reported the degradation behavior of SnO2-based varistors due to current pulses. 18) Up to now, SnO2-based varistor materials with surge current performances comparable to the widely used ZnO-based varistor materials have not been reported.
In this paper we present our research results mainly on the surge current performances of SnO2-based varistor materials. And the failure mode was investigated due to surge current test.
Experimental procedure
Samples were prepared by conventional electroceramic processes. The composition in molar ratio of the investigated systems is listed in Table 1 .
SnO2 powder (purity of 99.5%) was blended with additives and ball milled with distilled water. PVA solution was used as the binder for granulation process. The granulated powder was † Corresponding author: Z. Lu; E-mail: zhylu@scut.edu.cn 
Express letter
pressed into discs at a pressure of about 150 MPa. After burned out the organic binder, the discs were placed in a covered aluminum crucible and sintered at 1300°C for 2 h in air. Black ceramic discs with a diameter of about 14 mm and a thickness of about 1.0 mm were obtained. The sintered discs were annealed at 750°C for 2 h. Electrodes were made on both surfaces of the black discs with silver paste printing and firing at 600°C. The resulting varistor discs can be used for measurement of low current parameters, including varistor voltage V1mA, nonlinear coefficient and leakage current. The threshold electric field Eb is calculated from V1mA and the thickness of the tested sample. For surge current testing, the discs with electrodes were soldered with tinned copper terminals and coated with epoxy resin. The densities of the sintered samples were determined by the Archimedes methods. Considering the small volume proportion of the additives and the unchanged crystalline main phase, the theoretical density of the specimens was supposed to be 6.95 g/cm 3 , which is the theoretical density of SnO2. Microstructure characterization of sintered samples was made by scanning electron microscope (SEM; FEI-Quanta 200). The polished surface was thermally etched at 1250°C for 20 min to reveal the grain boundaries. The crystalline phases of the sintered samples were analyzed by means of X-ray diffraction (XRD) with Philips X'pert MPD. The sintered samples for XRD analysis were pulverized. Figure 1 shows SEM micrographs of the sintered samples. These micrographs show clearly that the porosity in sample SCNCr-1 is much higher than that in SCNCr-2, SCNCrY and SCNCrHo. CoO is a crucial additive for SnO2-based varistor. It can improve the densification of SnO2-based varistor system. 7) Higher concentration of CoO in sample SCNCr-2, SCNCrY and SCNCrHo has further improved the densification.
Results and discussion
It is difficult to identify secondary phase grains in the micrographs in Fig. 1 . However, X-ray diffraction patterns shown in Fig. 2 reveals that, besides diffraction peaks of the main phase SnO2, the diffraction peaks of CoSnO3 phase (JCPDS PDF 28-1236) were also found in all the samples. The diffraction peaks of CoSnO3 phase were intensified in the XRD patterns of sample SCNCr-2, SCNCrY and SCNCrHo by increasing the concentration of CoO.
The grain boundary layer otherwise the sintered samples can not be varistor materials. According to the aforesaid XRD analysis results, it is reasonable to deduce that most of the added CoO reacts with SnO2 to form a secondary phase CoSnO3. The mean crystal grain sizes listed in Table 2 were determined by the intercept method. 19) According to the mean grain sizes and the threshold electric field Eb listed in Table 2 , the single grain boundary voltage or barrier voltage (Vgb) of the tested samples can be estimated to be about 2.1~2.4 V, which is close to the barrier voltage of ZnO varistors. 1) As shown in Table 2 , the measured nonlinear coefficient, which is defined as α = 1/log (V1mA/V0.1mA), of all the listed obtained samples are good enough for application and are comparable with that of the commercial ZnO base varistor sample shown in the same table.
To test their surge current performances, samples were subjected Varistor voltage at DC current 1 mA was measured before and after the surge current test. The withstanding peak current listed in Table 2 is defined as the maximum peak value of the recorded current wave, after being subjected to this surge current, without visual damage happen to the tested sample and the change of varistor voltage V1mA is smaller than ±10%. For comparison, commercial ZnO base varistor samples with comparative diameters and varistor voltages (see Table 2 ) was also tested in the same way. As shown in Table 1 and Table 2 , when the CoO concentration increases from 1.0 mol% (system SCNCr-1) to 2.5 mol% (system SCNCr-2), the surge current performance is improved greatly. Higher concentration of CoO lowered the porosity (see Fig. 1 ) and may further improve the grain boundary structure, the number of the active nonlinear grain boundaries 20) increases, the surge current performance can be improved consequently.
A small quantity of the rare earth addition Y2O3 (system SCNCrY) or Ho2O3 (system SCNCrHo) is much helpful for the surge current withstanding capability (see Table 2 The residual voltage is a crucial parameter for a surge protective device. The residual voltage ratio listed in Table 2 is defined as the ratio of the residual voltage to the sample's varistor voltage V1mA when the surge current peak is about 500 A. As shown in Fig. 3 , to a surge current with about 500 A peak value, the voltage responses of the obtained SCNCrY sample and the comparative ZnO varistor sample are similar in shape, but the residual voltage of system SCNCrY is higher than that of ZnO varistor sample although their varistor voltage V1mA are nearly equivalent. The calculated residual voltage ratios are 2.15 and 1.69 respectively (see Table 2 ). The lower residual voltage ratio means the better limiting voltage performance. The limiting voltage performance of the obtained SnO2-base varistor should be further improved.
Comparing to the ZnO varistor sample, the withstanding surge current of the obtained SnO2-based varistor samples is smaller (see Table 2 ). However, considering the difference of the threshold electric field Eb and the residual voltage ratio, the absorbing surge energy density Ev of the obtained sample SCNCrY is comparable to that of the tested ZnO varistor sample, according to Eq. (1).
( 1) where v is volume of the ceramic disc of the tested sample.
If the residual voltage ratio can be lowered further by composition optimizing or new manufacture process, the withstanding surge current of the SnO2-based varistor will increase correspondingly.
Cracking and puncture are typical failure modes of ZnO varistors due to surge current. 21) However in this work, for most of the failure samples after surge current test, no cracking or puncture happen. Practically, no visual destruction happen to most of the failure samples except for some samples of system SCNCr-1. Side flashover traces were observed in some failure samples of system SCNCr-1. We ascribe this failure to the higher threshold electric field Eb. It was found that the epoxy insulating coat is not good enough to prevent the flashover when the threshold electric field Eb is higher than 400 V/mm. When side flashover happened, the surge current flowed through the side flashover traces instead of the bulk varistor material, and no puncture or cracking happened. Figure 4 shows the pictures of the failed samples after surge current test. A side flashover trace can be seen on the failed sample SCNCr-1 (see Fig. 4(a) ).
For most of the tested samples of system SCNCr-2, SCNCrY and SCNCrHo, when the surge current peak is higher than the withstanding peak current listed in Table 2 , the current-voltage characteristic degraded severely. The varistor voltage V1mA of some failed samples decreased nearly to be zero although without visual damage happen (see Fig. 4(b) ).
As for the comparative ZnO samples, the failure mode is different, after subjected to a surge current with a peak of 8500 A, the sample cracked (see Fig. 4(c) ), that is consistent with the result of Eda.
21)
The different failure modes between sample SCNCrY and the comparative ZnO varistor should be related to the different thermal conductivity. Bueno et al. reported the SnO2-based varistor system showed a thermal conductivity higher than that of ZnObased varistors. 22) When surge energy was injected into the tested specimens, higher thermal conductivity could improve the temperature uniformity of the ceramic materials and reduce the probability of the thermal-mechanical failure. Figure 5 shows the J-E characteristic of a SCNCrY sample. Before failure, the nonlinear performance is similar to that of a commercial ZnO varistor. The failure sample SCNCrY behaves as a several kΩ resistor in low current region, but in higher current region, the J-E curve tends to be close to that of a normal sample (before failure). The voltage response to higher current may be come from the undamaged grain boundary barriers. While the linked damaged grain boundary barriers serves as the current pathway in the low current region.
Conclusions
In summary, SnO2-based varistor materials with promising surge current performance were fabricated. CoO is a crucial dopant for the investigated SnO2-based varistor. Higher concentration of CoO further enhances the density and may improve the grain boundary structure, the surge current performance can be improved consequently. Co-doping Y2O3 or Ho2O3 with Cr2O3 make the depletion layer to be thicker and stronger to withstand the surge current. The failure mode of the obtained SnO2-based varistor is different from that of the comparative commercial ZnO-based varistor samples. Further works is needed to lower the residual voltage ratio and to further improve the surge current performances of the investigated SnO2-based varistors. 
